Managing dual-purpose wheat is complex because of the tradeoff relationship between cattle (Bos taurus) and wheat (Triticum aestivum L.) production. Stocking rate (SR) and planting date are key decision variables of the dual systems. Th e objective was to develop decision support information that help farmers boost profi ts by adapting SR and planting date to particular production and market conditions. A wheat grazing model was used to simulate the systems for seven SR (0-3 head ha -1 ), fi ve planting dates, three climate scenarios, and two initial soil moisture profi les. Net returns were estimated for three representative markets. Net returns under optimized management doubled those under the business-as-usual for the comparable planting dates, indicating great potentials to boost net returns with better management. Optimal SR depends on markets and forage availability. For market that overwhelmingly favors grain production, grain-only wheat should be used; whereas dual-purpose wheat is preferred under other market conditions. For wet soil at planting, maximum returns are attained in early September planting at high SR of > 2 head ha -1 despite climates; however, the high optimal SR should be adjusted down with delayed planting in wet and average but maintained in dry climate for water conservation. For dry profi le at planting, optimal management is dual-purpose wheat with SR of 3 in wet, grainonly wheat in average, and fallow in dry climate. Had wheat been established in severely dry years, moderate grazing at 0.5 to 1.5 SR could reduce net losses. Under most circumstances, grazing should not be allowed to pass fi rst hollow stem to maximize returns.
D ual-purpose winter wheat is a common alternative to grain-only wheat in the southern Great Plains. Approximately 30 to 80% of winter wheat is grazed with cattle in the region annually (Pinchak et al., 1996) . Wheat grazing, if properly managed, not only brings in additional revenues to farmers but also reduces economic risks through diversifi cation. In Oklahoma, more than two million hectares of wheat are seeded each year, and about 40 to 50% of wheat is grazed with steers from mid-November to early March at an average stocking rate of one steer per ha (Phillips and Albers, 1999; Hossain et al., 2004) . Winter wheat in dual-purpose systems is normally planted approximately 1 mo earlier than grain-only wheat and at higher seeding and fertilizer rates to maximize fall biomass production. Planting date is one of the key decision variables in managing the dual-purpose wheat systems. Early planting greatly increases fall forage production but generally decreases grain yields (Lyon et al., 2001; Hossain et al., 2003; Arzadun et al., 2006) .
Th e impact of grazing on wheat grain yield is complex, refl ecting an interactive eff ect of many factors including planting dates, SR, grazing termination dates, and climate conditions. Terminating grazing aft er the fi rst hollow stem stage (Zadoks' 3.0) reduced wheat grain yields by 34 to 85 kg ha -1 d -1 due to loss of spikes (Winter and Th ompson, 1987; Redmon et al., 1996; Fieser et al., 2006) . Numerous studies documented that wheat grazing decreased grain yields by some 10 to 40% even though grazing was ceased at or before fi rst hollow stem (FHS), compared with the grain-only wheat with delayed planting (Winter and Th ompson, 1987; 1990; Winter and Music, 1991; Ud-Din et al., 1993; Arzadun et al., 2003; Virgona et al., 2006) . Khalil et al. (2002) also reported a decrease in grain yield in the dualpurpose systems when grazing was terminated before FHS. Th e decrease, averaged across 12 hard red winter wheat varieties, was 49% in 1997 (planted on 3 September for dual and 15 October for grain-only), 22% in 1998 (3 September and 7 October), and close to zero in 1999 (28 September and 16 October) , showing the interactive eff ect of planting dates and climates. However, some studies reported that light to moderate grazing of winter wheat before FHS slightly increased or had no eff ect on wheat grain yield (Christiansen et al., 1989; Redmon et al., 1996; Virgona et al., 2006; Miyan and Clune, 2008) , when compared with the grain-only wheat having the same planting dates as the dual wheat. Th e large variability in grain yield response to grazing might have resulted from diff erences in planting dates, grazing duration and intensity, climate conditions, water and nutrient regimes, and crop developmental stage when grazing was ceased. In general, as grazing intensity increases, livestock production increases (Phillips and Albers, 1999) and wheat grain yield decreases. Th is tradeoff production relationship, which is further complicated by climate variation, makes it impossible to maximize production of both commodities in the wheat-cattle enterprise. However, the enterprise can be economically optimized for maximum net return.
Livestock production per hectare is a product of average daily weight gain, grazing days, and SR. Th us, an increase in any of the three factors without a decrease in the others would increase livestock production. For a given wheat pasture, daily livestock weight gain (LWG), grazing duration as well as grain yield are largely dependent on SR. Hence, SR is the most economically important decision variable for managing dual-purpose winter wheat (Kaitibie et al., 2003a) . From a production viewpoint, a low SR could result in underutilization of wheat forage, while an excessively high SR could lead to low daily LWG and low wheat grain yield. Besides production, the optimal SR is also strongly infl uenced by price ratios of cattle to wheat grain. Due to the tradeoff production relationships and the compounded eff ects of variable climate and market conditions, there are not suffi cient experimental data available to allow direct estimation of the economically optimal SR for the dual-purpose wheat enterprise (Doye et al., 2008) . Kaitibie et al. (2003a) developed a statistical model using the grazing data of 1992-2000 at Marshall, OK, and estimated that the optimal SR was 1.48 head ha -1 for the period assuming the 1999-2000 market prices and 120 d of grazing. However, the advent of process-based wheat grazing models provides a unique opportunity to dynamically optimize management decisions such as SR to maximize economic return to the wheat-cattle enterprise under a wide range of management, climate, and market conditions.
A biologically based wheat grazing model was developed to simulate production of wheat grain and stocker steer grazing on winter wheat from late fall to early spring (Zhang et al., 2008b) . Th e wheat growth is simulated by the wheat module in the Decision Support Systems for Agrotechnology Transfer (DSSAT) model (v4.02) , and the cattle growth is based on a metabolizable energy balance. Th e model simulates wheat and cattle growth interactively and dynamically, and thus is capable of simulating the tradeoff s between livestock and grain production. In conjunction with economic analysis, it can be used to determine economically optimal SR under various management, climate, and market conditions. Mauget et al. (2009) used the model and evaluated the value of El Nino-Southern Oscillation forecast information to managing dual-purpose winter wheat in the U.S. southern High Plains by varying SR, planting dates, and N fertilizer rates. Th ey reported that the forecast was valuable in certain circumstances, and best management practices varied with the forecast and market conditions. Th e objective of this paper is to use a wheat grazing model, in conjunction with economic analysis, to develop tactical management practices that maximize economic return to the complex wheat-cattle enterprise in north central Oklahoma under a wide range of climate and market conditions.
MATERIALS AND METHODS

Wheat Grazing Model
Th e wheat grazing model uses the Cropping System Model (CSM) CERES-wheat module of the DSSAT (v4.02) to simulate growth, development, and grain yield of winter wheat. Th e module is a restructured and modifi ed version of the original CERES-Wheat model of Ritchie and Otter (1985) . Th e module simulates a single wheat plant and uses morphological development to determine and track the appearance and number of leaves and tillers as well as number of grains on a daily basis. Daily plant growth is calculated by converting intercepted photosynthetically active radiation into plant dry matter using a radiation use effi ciency parameter. Light interception is a function of leaf area index, which is computed from total plant leaf area. Potential daily growth is modifi ed by water, N, and air temperature as limiting factors, and the resulting estimate of actual daily growth is partitioned to diff erent plant organs according to phenological stages. Eff ects of diseases, pests, weeds, lodging, hail, and nutrients other than N are not modeled in the module.
Th e cattle growth is based on a metabolizable energy balance (Zhang et al., 2008b) . Daily maximum voluntary intake is estimated based on cattle body weight and forage quality, and is adjusted for actual forage availability, temperature, and adaptation status to estimate actual daily intake. When forage availability is greater than a threshold of 1300 kg ha -1 , actual intake equals the maximum voluntary intake. When forage availability is < 500 kg ha -1 , actual intake is set to the maintenance level of 1.2% of body weight. Actual intake increases linearly with forage availability between the two thresholds, which can be modifi ed through user input as desired. Voluntary intake is increased when average air temperature is below 15°C to compensate for increased demand of maintenance energy according to the scheme of NRC (1987) . A modifi ed arc tangent function of Rodríguez et al. (1990a) is used to simulate adaptation to new forage during the fi rst 14 d on wheat pasture. Th e function increases actual intake from the maintenance level during the fi rst 7 d to 80% of the maximum voluntary intake at the 10th day and to near 100% at 14th day. Th e actual intake plus 10% waste in kg ha -1 is passed to the wheat module. Th e grazed fraction of the total top dry biomass is used to scale down leaf, stem, and reserve weights, as well as their N contents. Total leaf area is also reduced by the same fraction. Final grain yield is reduced by 50 kg ha -1 for each day of grazing past FHS.
Daily weather, basic soil properties, crop genetic coeffi cients, and crop management are required to run the DSSAT model Hoogenboom et al., 2003) . In addition, the following inputs are required by the grazing module: starting and terminating dates for fi xed grazing, top dry biomass for initiating and terminating grazing for automatic grazing (1120 and 448 kg ha -1 used here), initial stocker body weight, SR, and high and low top dry biomass thresholds (default values of 1300 and 500 kg ha -1 were used, respectively).
Many researchers throughout the world tested and evaluated the ability of the CERES-Wheat model to simulate top dry biomass and grain yield, and reported satisfactory results (e.g., IAEA-TEC-DOC, 2000; Bannayan et al., 2003; Panda et al., 2003; Rinaldi, 2004) . Zhang et al. (2008a) evaluated the wheat grazing model at three locations in central Oklahoma, and reported that the model, if well calibrated, has the potential to predict top biomass and grain yields under various climate and soil conditions.
Site and Soil Property
Th e site of the Oklahoma State University (OSU) experiment station at Lahoma (36°23´4´´ N, 98°6´41´´ W) was chosen for this study. Th e station is located in north central region, which is a major wheat production area with the most acres planted in winter wheat in Oklahoma (http://www.nass.usda.gov/). Th e fi eld is on an upland area with about 5% slope. Soil in the fi eld is the Pond Creek silt loam (fi ne-silty, mixed, superactive, thermic Pachic Argiustolls). Th e soil is well drained and moderately permeable with low runoff potential. Th e basic input soil properties up to 1.2 m depth were measured and used in simulation. Th e average clay and sand contents in the top 0.6 m were 30 and 29%, respectively, and the fi eld capacity and wilting point were 34.4 and 18.0% of soil water by volume. A Curve Number of 80 was estimated for the soil and used in runoff computation.
Crop Coeffi cient
Th e fi ve crop coeffi cients were previously calibrated for the variety Jagger using wheat data measured in central Oklahoma during (Zhang et al., 2008a . Jagger was the dominant cultivar widely grown in Oklahoma in the past several years (http://www.nass.usda.gov/). Th e calibrated crop coeffi cients of P1V, P1D, P5, G1, G2, and G3 were 40, 63, 450, 17, 25, 1.5, and 90, respectively [P1V: days at optimum vernalizing temperature required to complete vernalization; P1D: percentage reduction in development rate in a photoperiod 10 h shorter than the optimum relative to that at the optimum; P5: grain-fi lling phase duration (°C × d); G1: kernel number per unit canopy weight at anthesis (no. g -1 ); G2: standard kernel size under optimum conditions (mg kernel -1 ); G3: standard, nonstressed dry weight of a single tiller at maturity (g tiller -1 ); PHINT: interval between successive leaf tip appearance (°C × d)].
Climate Input
Th e minimum daily weather data required by the model are daily precipitation depth, solar radiation, and maximum and minimum temperature, which are available at the OSU station since 1970. Other weather variables such as wind velocity and relative humidity are available only aft er 1994. To evaluate the eff ect of growing season precipitation on wheat and livestock production, total precipitation amounts from 1 September through 15 May of the following year were ranked for the years of 1970 to 2007. Precipitation amounts of the 85th, 50th, and 15th percentiles were 662, 468, and 339 mm, respectively. If the top 33% is assumed wet years, middle 33% average years, and bottom 33% dry years, the 85th, 50th, and 15th percentiles being the central points in each tercile block represent a typical wet, average, and dry conditions, respectively. Th ree crop years having nearest precipitation to each percentile (nine in total) were selected (Table 1) . Th ree years chosen for each percentile were to capture some uncertainty stemming from diff erences in seasonal precipitation distributions. Th e simple evapotranspiration method of Priestley and Taylor (1972) was used in simulation, because it does not require wind velocity and relative humidity.
Wheat and Grazing Management
A baseline business-as-usual scenario was developed using the average attributes of the 2000-yr survey for north central Oklahoma for reference (Hossain et al., 2004) . For the dualpurpose wheat, the average management conditions in the region were as follows: planting date on 22 September; N application rate at 77 kg ha -1 ; seeding rate at 91 kg ha -1 ; initial steer body weight of 218 kg, and SR at 1 head ha -1 . Initial residual N in the soil profi le was assumed to be 67 kg ha -1 . Based on the survey, grazing was initiated when top dry biomass was above 1120 kg ha -1 in fall and terminated on 28 February. Conventional tillage systems including disks aft er wheat harvest and at planting for fertilization and seedbed preparation were used.
For simulation scenarios, suffi cient N fertilization was assumed, as recommended for a target grain yield of 3360 kg ha -1 and wheat forage of 3360 kg ha -1 (Hossain et al., 2004) . A total of 213 kg N ha -1 minus 67 kg ha -1 of residual N was incorporated on 1 September at the start of simulation in the form of diammonium phosphate (56 kg ha -1 ) and urea for the rest N. Five planting dates (1, 10, 20 September, and 1, 10 October) were simulated, and the latest planting date was about the optimal planting date for grain-only production in the region (Hossain et al., 2003) . A seeding rate of 134 kg ha -1 was used in all treatments. Seven SR at 0, 0.5, 1, 1.5, 2, 2.5, and 3 head ha -1 , with an initial steer body weight of 218 kg, were simulated for all planting dates. Automatic grazing scheme was used (i.e., grazing was initiated when top dry biomass reached above 1120 kg ha -1 , and ceased when below 448 kg ha -1 or at fi rst hollow stem). In addition, the grazing was allowed to continue for 7 d past FHS at 1, 1.5, and 2 head ha -1 to quantify the eff ect of grazing overrun on production and profi tability of the systems. Th e same tillage operations as of the baseline scenario were used in all simulations.
In all simulation, the initial residual N in the 1.2-m soil profi le was assumed to be 67 kg ha -1 , and the initial soil moisture content was set to either 30 or 75% of the plant available water (PAW) on 1 September, on which all the simulation began. In combination with the dry, average, and wet climates of growing season precipitation, a wide range of plant water availability (from dry profi le plus dry climate to wet profi le plus wet climate) was included and deliberately controlled in the study. 
Budget of Dual-Purpose Wheat Enterprise
All prices and costs for the wheat-cattle production enterprise are listed in Table 2 Th e 1999 budget was based on Kaitibie et al. (2003b) , and the 2005 and 2008 budgets were estimated using the OSU Agricultural Economics Enterprise Budget Soft ware for grain and grazing (http://www.agecon.okstate.edu/budgets). Most default parameter values in the soft ware databases for the 2 yr were used in the budget estimation; however, some itemized costs or prices were taken from the National Agricultural Statistical Service (http://www.nass.usda.gov/) and the Apache cattle auction market (M. Smith, personal communication, 2008) .
Wheat and steer prices were the ultimate variables determining economic returns and rather diffi cult to predict. Hence, three representative market years were selected to facilitate economic optimization. In each water availability and market scenario, economically optimal planting date and SR were identifi ed. Th e maximized economic returns were compared with those with the business-as-usual management practices. A t test was used to detect signifi cant diff erences in simulated means between climate scenarios for the business-as-usual management.
RESULTS AND DISCUSSION
Th is work was to develop tactical management practices for the complex wheat-cattle systems under variable climate and market conditions using a simulation approach. As reviewed earlier, SR and planting date were the two most important decision variables, and therefore the focus of this study. Optimal N management was not considered, and generous N input was assumed. Since water was the foremost important factor limiting dryland production in the region, total soil water supply was deliberately controlled by resetting the initial soil moisture at the beginning of simulation (1 September) and by selecting representative climate scenarios.
Simulation of Business-As-Usual Management
Selected model output simulated at the 75% PAW (wet) for the three climate scenarios under the business-as-usual management (planted on 22 September and grazed at 1 head ha -1 ), as well as their corresponding net returns estimated for three market years, are given in Table 3 . Th ese data demonstrate the variability of model output within and between climate scenarios. Signifi cant diff erences between climate scenarios were detected only for grain yields at P = 0.1. Considerable variations within each climate scenario existed for wheat growth and development, grazing duration, and total LWG, whereas relatively small diff erences exhibited between climate scenarios. Th e lack of diff erences between climate scenarios largely resulted from the high initial soil moisture that would help sustain early wheat growth throughout winter despite the climate scenarios. With suffi cient N and water supply, the early wheat growth and development were mainly aff ected by temperature. Th e simulated earliest FHS stage was on 17 February in 1976 and the latest on 23 March in 2001. Th e former had the warmest winter while the latter had the coldest (Table 1) . Generally with suffi cient N and water, warmer winter would produce greater top biomass, and the increased forage would support higher SR (see detailed discussion later). Th e estimated net returns generally increased from dry to wet scenarios mainly due to increases in wheat grain yields. More importantly, the results showed that market prices ultimately dictated profi tability. Simulated results at the 30% PAW (dry) were not presented due to larger variations in grazing duration, total LWG, and wheat yield within each climate scenario. In each climate scenario, there was 1 yr of no grazing due to inadequate top biomass resulting from additional initial water stress. Variable grazing durations resulted in variable total LWG and grain yields. However, there was a general trend that top biomass production responded more strongly to climate scenarios with the initial dry soil profi le than with the wet profi le. 
Planting Date Effect on First Hollow Stem and Grazing Duration
Averaged FHS stages and numbers of grazing days (from the day when top biomass reached above 1120 kg ha -1 to FHS) simulated at the initial wet profi le for three climate scenarios and fi ve planting dates are given in Tables 4 and 5, respectively. In general, FHS stage was delayed from mid-February to midMarch when planting dates were delayed from 1 September to 10 October, indicating that temperature played an important role in early wheat development. First hollow stem stages in the dry climate arrived much earlier than those in the average and wet climates for all the planting dates (Table 4) . Th is was because the average fall and winter temperature was much warmer in the dry climate than in the average and wet climates (Table 1) . Th e simulated FHS stages for the 20 September planting ranged from 27 February to 9 March in all climate scenarios. Th ese results are in line with the business-as-usual practices of the region with an average planting date on 22 September and grazing termination date on 28 February (Hossain et al., 2004) . Edwards et al. (2007) evaluated FHS of 52 hard winter wheat lines planted around 15 September during 1998-2005 at Stillwater (about 100 km east of the study site), and reported that there was up to 4 wk diff erence in FHS between cultivars within a year. For the Jagger cultivar the earliest FHS was observed on 15 Feb. 2005 and the latest on 21 Mar. 2001. Th e simulated FHS for this cultivar was within the observed range. Although FHS arrived earlier for early planting, grazing duration was generally longer because of faster biomass growth for early planting in the initial wet soil (Table 5) . However, the results showed that numbers of grazing days were not much diff erent if planted before late September. In comparison, the dry soil profi le had no eff ect on predicted FHS stages, but reduced grazing durations due to slower early growth under water stress. Th ere was 1 yr of no grazing due to lack of top biomass in each climate scenario. Th e average grazing days of the remaining 2 yr are given in parentheses in Table 5 , showing greater variability compared to the initial wet soil.
Optimal Planting Date without Grazing
Compared with the known trends, simulated grain yields without grazing responded well to planting dates at the two initial soil moisture conditions and in three climate scenarios (Fig. 1) . Maximum grain yields were attained between 20 September and 10 October for the planting dates studied here. Th is window period was in good agreement with the results of the planting date trial conducted during 1992-2000 on the same site (Hossain et al., 2003) . Planting date experiments in Argentina (Arzadun et al., 2006) and U.S. Central Great Plains (Lyon et al., 2001 ) also showed that wheat grain yields increased when planting dates were delayed and before optimal dates were reached. Initial soil moisture levels at planting were extremely important for winter wheat production, especially under dry climate conditions. In the initial wet soil profi le, grain yields averaged across all planting dates increased by 67 and 92% in the average and wet climates over the dry climate, respectively; whereas the corresponding increases were 158 and 259% in the dry soil profi le. Th e eff ect of initial soil moisture on grain yield became even more profound if compared within each climate scenario. Compared with the initial dry soil profi le, grain yields in the wet profi le increased by 4, 26, and 92% in the wet, average, and dry climate scenarios, respectively.
Grain Yield and Livestock Weight Gain
As SR increased, simulated total LWG per hectare increased but wheat grain yields decreased for all climates and planting dates in the initial wet soil profi le (Fig. 2) . Th ese tradeoff trends were consistent with those reported in the literature. Paisley et al. (1998) conducted a grazing fi eld trial and reported that for most years SR were positively related to total LWG (kg ha -1 ) but negatively related to grain yield (kg ha -1 ). Phillips and Albers (1999) generalized that as grazing intensity increased, livestock production increased but wheat grain yield decreased. Simulated grain yields decreased almost linearly with SR despite the climate scenarios and planting dates, while total LWG increased linearly or near linearly. However, slopes of the linear responses varied with climate and planting date. Th e percent reductions in grain yields at 3 head ha -1 relative to those without grazing for the wet, average, and dry climates were 57, 51, and 44%, respectively, for the 1 September planting; 50, 45, and 48% for the 20 September planting; and 23, 28, and 40% for the 10 October planting. Th ese percent reductions were comparable to the 10 to 50% reduction reported in literature Th ompson, 1987, 1990; Winter and Music, 1991; Ud-Din et al., 1993; Khalil et al., 2002; Arzadun et al., 2003; Virgona et al., 2006) , considering that the SR of 3 head ha -1 was in the high end of the grazing pressure used in those studies. Th e changes in response slopes for total LWG across planting dates could be explained by diff erences in fall and winter temperature across climate scenarios. For the 1 September planting ( Fig. 2A) , suffi cient soil moisture from the wet profi le and high temperature in late summer favored top biomass production and therefore total LWG despite the climate. As planting date was delayed, lower temperature in fall and winter in the average and wet climates relative to the dry climate (Table 1) hindered wheat growth and subsequently reduced livestock production ( Fig. 2B and 2C) . Virgona et al. (2006) showed that low temperature rather than solar radiation was the limiting factor for wheat growth in July and August (winter time in Australia). Zhang (2004) simulated temperature and solar radiation eff ects on winter wheat growth and yield for four locations in Oklahoma using the Water Erosion Prediction Project model and found that winter wheat yield was sensitive to temperature but insensitive to solar radiation. At the 3-head ha -1 SR, compared with the total LWG under the dry climate, the total LWG under the average and wet climates were reduced by 20 and 15%, respectively, for the 20 September planting; and by 30 and 44% for the 10 October planting, indicating the increased temperature eff ect with delayed planting.
Th e diff erences in total LWG across climate scenarios and planting dates could be well explained by the average daily gain (ADG) per head per day as shown in Fig. 3 . In general, as planting dates were delayed, simulated ADG tended to decrease under all climate scenarios for most SR due to declined top biomass production, and the decreases in ADG increased from the dry to average to wet climates due to additional lower temperature eff ect on biomass production as discussed above. Under dry climate, adequate initial soil moisture and warmer temperature throughout winter produced suffi cient top biomass that sustained high levels of ADG until SR increased to above 2.5 head ha -1 (Fig. 3A) . However, the sustained ADG began to decline when SR increased to between 1.5 and 2 under average climate (Fig. 3B ) and between 0.5 and 1.5 under wet climate (Fig. 3C) , depending on the planting dates and the sustained levels. Th e increases in ADG at 3 over 2.5 head ha -1 for the 20 September and 10 October planting dates in Fig. 3C were attributed to shortened grazing duration at a greater SR. As reviewed above, maximum ADG was attained when top biomass was > 1300 kg ha -1 , and zero ADG (survival mode) when < 500 kg ha -1 , with a linear increase between 500 and 1300 kg ha -1 . In this work, grazing was initiated when top biomass reached 1120 kg ha -1 , and ceased when declined below 450 kg ha -1 or at FHS. When top biomass was in the low end, greater forage consumption at 3 head ha -1 would drop top biomass to below 450 kg ha -1 faster than at a lighter SR. Th is would cut short the number of days with zero or low LWG when SR was greater, and therefore seemingly boosted ADG for the grazing season. Similar to Fig. 2 , simulated grain yield and total LWG for the initial dry soil profi le (30% PAW) are shown in Fig. 4 . Unlike the grain yields for the wet soil profi le in Fig. 2 , grain yields changed little or even increased from 0 to 0.5 SR and then decreased linearly with SR. Compared with no grazing, lighter grazing at 0.5 head ha -1 had a positive eff ect for the 1 September planting (Fig. 4A) , and had little or no eff ect on grain yields for the 20 September and 10 October plantings ( Fig. 4B and 4C ). For the initial dry soil profi le, light grazing removed leaf area, curbed evapotranspiration, and hence conserved soil water. Th e yield increase due to grazing was consistent with some fi eld observations under certain drought conditions (Christiansen et al., 1989; Redmon et al., 1996; Khalil et al., 2002; Fieser et al., 2006; Virgona et al., 2006) . Virgona et al. (2006) reported that light grazing increased wheat grain yield over no grazing in southern Australia in their fi rst year experiment with a dry early spring; however in their second year experiment with a more favorable season, light grazing had no eff ect on grain yield. Basing on soil moisture profi les measured during the growing season, they concluded that soil accumulated more water during grazing and the stored water was later used during grain fi lling.
Total LWG increased linearly with SR for all planting dates and climate scenarios except for the dry climate due to additional water stress. With suffi cient initial soil water, greater total LWG in dry than in wet climate was produced due to lesser low-temperature stress in dry climate (Fig. 2) . In contrast, much greater total LWG was produced in wet climate than in dry due to the overriding water stress eff ect over the temperature stress on top biomass production (Fig. 4) . Th e eff ect of drought stress on wheat biomass growth and total LWG could be clearly demonstrated by the ADG responses for all climate scenarios and planting dates in Fig. 5 . Th e ADG decreased considerably from the wet to average to dry climate due to the increased water stress and decreased forage availability. In the dry climate ADG decreased from around 0.7 kg head -1 d -1 at 0.5 head ha -1 to only 0.5 kg head -1 d -1 at 3 head ha -1 due to increased forage shortage as grazing pressure increased. It should be pointed out that only 2 yr grazing data were available for each climate scenario and the averages were plotted in Fig. 4 and 5.
Economic Optimum Stocking Rate
Averaged net returns estimated for the initial wet soil profi le, three climate scenarios, three markets, fi ve planting dates, and seven SR are shown in Fig. 6 . Th e 2008 market was uncommon and heavily favorable to wheat production with a record high wheat price of 284 $ t -1 , which resulted in abnormally high returns relative to the other two market years. Given the high wheat price in 2008, it was sensible that no grazing produced the maximum net return in each planting date and climate scenario, except the 1 and 10 September plantings in the dry climate (Fig. 6C) . Th e overall scenario-max net returns across all planting dates were attained on the planting dates of 1 October, 10 October, and 20 September for wet, average, and dry climates (see $ amount in label), respectively, which were consistent with late planting for grain-only wheat as shown in Fig. 1 . Th e 1999 and 2005 markets were more representative of the historical prices in the past 20 yr, with 1999 moderately favoring livestock production and 2005 being near neutral. Th e estimated net returns for the 1999 and 2005 markets ranged from -100 to 260 $ ha -1 for all cases (Fig. 6 ), which were in line with measured data as reviewed below.
Based on the producer survey for 1984-1993, average net returns to the winter wheat-cattle enterprise in Oklahoma ranged from about 40 $ ha -1 in 1986 to 300 $ ha -1 in 1984, with a mean of 155 $ ha -1 for the 10-yr period (Redmon et al., 1995) . Kaitibie et al. (2003b) reported net returns in a dualpurpose wheat grazing study conducted during 1992-2000 at Marshall (about 70 km southeast of the study site). Multiple wheat cultivars were grazed with steers from late October up to FHS at various SR ranging from 0.8 to 2.9 head ha -1 , and net returns were determined for each SR treatment in each year using enterprise budgets with historical costs and prices of the year. Th e maximum loss in a single treatment during the period was -69 $ ha -1 due to drought stress in the 1994-1995 crop year, and the maximum profi t was 417 $ ha -1 at 2.6 head ha -1 during 1999-2000 resulting from a rare occurrence of a high spring sale price of 2.18 $ kg -1 and a low fall purchase price of 1.89 $ kg -1 for steers. Kaitibie et al. (2003b) plotted net returns with SR for all 7-yr grazing data and concluded that there was no consistently optimal SR during the time period of the study. However, for individual years, the optimal SR that maximizes net returns could be identifi ed for each year even though the relationship between net return and SR was unclear in some years and inconsistent across years. Th e optimal SR was 1.5 head ha -1 for the 2 yr of 1992-1994 and between 2.1 and 2.6 head ha -1 for the 5 yr of 1994-2000 (no grazing for 1995-1996 crop year due to drought).
For the initial wet soil and wet climate (Fig. 6A) , the optimal SR gradually decreased from 2.5 to 0 head ha -1 with delayed planting under the 1999 market, and from 2 to 0 head ha -1 under the 2005 market (see number and arrow labels). Th e optimal SR as well as the curvature and shape of the plot lines varied with market conditions (i.e., relative price ratio between wheat and cattle). Since the 1999 market favored cattle grazing, net returns increased faster but decreased slower with an increase in SR, compared with the 2005 markets, indicating that the net return was more sensitive to SR increase in the rising limb but less sensitive in the falling limb (greater tolerance for overstocking) due to favorable cattle price relative to wheat. Th e scenario-max return across all planting dates was attained for the 1 September planting, and was at 254.6 $ ha -1 at 2.5 head ha -1 for 1999 market and 250.9 $ ha -1 at 2 head ha -1 for 2005 market. Th ese results indicated that under suffi cient water and N early planting and high grazing pressure should be practiced to maximize net return (note in this work light grazing is defi ned as SR ≤ 0.5; moderate grazing when 0.5 < SR ≤ 1.5; heavy grazing or high grazing pressure when SR > 1.5). As planting date was delayed, optimal SR should be adjusted down due to decreased biomass production and increased impact on grain yield reduction (see arrow label). Similar trends to Fig. 6A were exhibited for the average climate scenario (Fig. 6B) , and like conclusions could be drawn because N and water were not limiting factors in this scenario either.
For the initial wet soil and dry climate (Fig. 6C) , water did not limit wheat growth in early vegetative stages but became prohibitive in late stages. Net returns increased nearly linearly with SR for all planting dates under the 1999 and 2005 markets. Hence, the optimal SR for each planting date was the highest SR (3 head ha -1 ) used in the study, though the rate of increase in net return tapered slightly between 2.5 and 3 head ha -1 for some planting dates. Th e scenario-max net returns were achieved for the 1 September planting, and were 221.2 and 169.7 $ ha -1 for the 1999 and 2005 markets, respectively. Th e rates of increase in net return or the slopes of plots decreased with delayed planting, indicating the diminishing eff ect of grazing on net return to the systems as off set by grain reduction. Th e diff erences in the plot slopes between the two markets increased with delayed planting, showing the interactive eff ect between planting date and market conditions. For example, heavy grazing on late planted wheat (10 October) was still very desirable for the 1999 market but not so for the 2005 market. Th e linear increase of net return with SR could be well explained by soil water use. Th e initial wet soil profi le could sustain early wheat growth that could support heavy grazing and good ADG. Heavy grazing in fall and winter reduced evapotranspiration, and the conserved soil water would be available to plant in the reproductive stages to boost grain yield. Th is deferred water use by grazing was confi rmed by Virgona et al. (2006) in their fi eld experiment. Th ey measured soil water profi les at various growth stages and found that the deferred water use by grazing and deeper rooting depth for earlier planting for dual-purpose wheat were mainly responsible for the grain yield increases under grazing in dry conditions. Overall, compared with the net returns under the business-as-usual managements in Table 3 , the scenario-max net returns clearly indicated great potentials to increase net returns if management decisions could be optimized according to production and market conditions. Similar to Fig. 6 for the wet soil, simulated results for the initial dry soil profi le (30% PAW) are shown in Fig. 7 . Due to reduced biomass production stemming from drought stress in early growth stages, grazing was impossible for one out of 3 yr in each climate scenario based on the grazing scheme used in this study. Th us, averages of the two grazed years in each scenario were plotted. Th e omission of the "bad year" resulted in some incompatible details between Fig. 6 and 7 ; however, the emphasis here was to show general response trends under the initial dry soil condition. For the 2008 market, the optimal SR was 0.5 head ha -1 for early planting and zero for late planting for the wet climate (Fig. 7A) , and the scenario-max net return was attained on the 10 October planting at 0 SR consistent with grain-only practice for the market condition. For the 1999 and 2005 markets, optimal SR was at 0.5 to 1 head ha -1 for the 10 October planting and 3 head ha -1 for the September plantings though the rates of the increase in net return with SR were relatively low. Th e scenario-max net returns were attained on the 1 September planting at 3 head ha -1 . Th e reason for the high optimal SR in this scenario was unclear at this point and might be related to soil water use.
For the average climate under the 2008 market (Fig. 7B) , the optimal SR, similar to the wet climate, was 0.5 head ha -1 for early planting and zero for late planting. For the 2005 market optimal SR was 0.5 head ha -1 for the 1 September planting and 0 for the rest four plantings. For the 1999 market optimal SR was 0.5 head ha -1 for the fi rst four plantings due to favorable cattle price and 0 for the latest planting. Th e scenario-max net returns were attained for the 10 October planting with no grazing under all three market conditions, showing that grain-only wheat planted at or aft er 10 October should be practiced if initial soil profi le was dry and precipitation was about average. Had wheat been planted early, light grazing at 0.5 head ha -1 would boost profitability through livestock production and water conservation. Th e breakeven SR appeared to be between 1 and 1.5 head ha -1 for most planting dates. Due to the limited biomass production under water stress, grazing at heavier SR would subject to severe fi nancial loss (depending on cattle price) if supplementary hay is not available.
For the initial dry soil under the dry climate (Fig. 7C) , fi nancial loss was simulated for all planting dates, market conditions, and SR. To avert a loss, fallow should be the best option under severe drought condition, even for the best wheat market of 2008. Th e simulated results also demonstrated that grazing wheat could reduce production risks by minimizing losses. Th e suboptimal SR that minimizes losses was between 0.5 and 1 head ha -1 for most cases. Th is could be better understood for the case of a crop failure under drought. Harvesting forage by grazing would avert a total loss of no grazing. It should be pointed out that the ample fertilization and a high seeding rate were used in this simulation. Ideally they should be adjusted down for dry conditions to further cut costs or probably make a small profi t. Th e optimal fertilization rates will be explored in a future study.
Overall simulated results showed that optimal SR varied with price ratio between wheat grain and livestock and availability of top biomass that was aff ected by planting date, initial soil water, and climate conditions. Mauget et al. (2009) reported that optimal SR varied with climate forecasts and prevailing prices of wheat grain and livestock. Rodríguez et al. (1990b) pointed out that optimal SR depended on specifi c climatic and managerial conditions, cattle prices, and producers' risk preference. Considering climate variability, they concluded that risk-averse producers should stock at low SR, while risk lovers stock at high SR. Kaitibie et al. (2003a) estimated optimal SR with a statistical model using a linear-response stochastic plateau function for ADG production developed based on the 1992-2000 grazing data of Kaitibie et al. (2003b) . Th ey assumed no eff ect of SR on grain yield in their model and used the 1999-2000 market (value of gain: 1.2 $ ha -1 ) for budget estimation. Th ey reported that optimal SR increased with an increase in initial standing forage (ADG was perturbed randomly to simulate forage variability due to uncontrollable weather during grazing) and also increased with an increase in the expected value of gain. Under their assumptions, they further derived a "generic" optimal SR of 1.48 head ha -1 for mean initial standing forage. Results simulated using a more dynamic, processbased model in this study corroborated all conclusions above but the generic optimal SR. Th is study showed that optimal SR was condition-dependant and a generic optimum did not exist. Th is conclusion was consistent with that drawn by Kaitibie et al. (2003b) based on their 7-yr grazing experiment data.
Grazing beyond First Hollow Stem
Percent changes of grain yields and net returns when grazing continued 7-d beyond FHS relative to those ceased at FHS were estimated for all planting dates and three market conditions and at 1, 1.5, and 2 head ha -1 . Since the relative changes were similar for all planting dates except 10 October, the overall averages of the fi rst four planting dates for the initial wet soil were plotted in Fig. 8 . Th e overall grain reduction ranged from 8 to 19% (Fig. 8A) . Fieser et al. (2006) reported a 10% reduction in grain yield for grazing 2 wk past FHS, based on their 2003 and 2005 grazing experiment. Simulated percent reduction decreased as water stress decreased, and increased as SR increased except for dry climate at 1 SR. Th e lowest percent reduction at 1.5 head ha -1 under dry climate was probably caused by more favorable water conservation and use by grazing beyond FHS at that grazing intensity. Th ese response trends are in line with the common knowledge of the systems. As weather becomes more favorable to wheat growth, better wheat recovery is expected aft er grazing is ceased, given suffi cient N as assumed in this study. Heavier grazing removes more top biomass and consequently causes greater reduction in grain yield. Grazing wheat past FHS, compared with terminating grazing at FHS, tended to reduce net returns for almost all climate scenarios and market conditions, especially for the 2008 markets that heavily favored grain production (Fig. 8B) . However, the loss of net return decreased or even reversed as SR increased. A small net gain was obtained at the SR of 1.5 and 2 head ha -1 in some cases, resulting from good LWG per hectare at high SR due to ample forage supply during jointing. Th e overall results agreed well with the fi eld grazing data of Redmon et al. (1996) , who reported that net return was maximized when grazing was terminated at FHS and that increased LWG beyond FHS was not suffi cient to off set grain yield looses based on a 4-yr experiment study during 1990-1994.
CONCLUSIONS
Simulated results represented well the current knowledge of wheat and livestock production in the dual-purpose wheat systems. Th e observed tradeoff production relationship between wheat grain and livestock were adequately simulated by the model. Th e simulated cattle ADG and grain reduction due to grazing were within the ranges reported in literature. Th e model simulation, which is capable of extending and complementing fi eld experiments, provides an eff ective means for developing decision support information that can be used by farmers to make informed decisions.
Simulation shows that net returns are strongly infl uenced by market conditions and production levels of grain and livestock, which is further aff ected by soil water availability at planting, weather, and key management decisions such as SR and planting dates. As a key decision variable, optimal SR is a function of price ratios of cattle to wheat grain and forage availability that is further determined by planting date, initial soil water, and weather. Th us, optimal SR can only be devised for particular conditions, and a generic optimal SR does not exist. Similarly optimal planting date is dependent on market, initial soil water, and weather conditions. In addition, simulated results show that winter air temperature strongly aff ects wheat growth and therefore livestock production if water is not limiting. Large profi t gaps between optimal and the business-as-usual managements indicate a great potential to boost farmers' net returns if management decisions can be optimized for future markets and production conditions. Th e price ratio, through diffi cult to predict, has an overriding impact on optimal management decisions. For a market that overwhelmingly favors grain production, grain-only wheat should be the optimal option. Th at is, wheat should be planted late (in early October in the region) and not grazed. For the other markets, dual-purpose wheat seems to be the optimal option if water is adequate, that is, wheat be planted in early September and grazed heavily at 2 to 3 head ha -1 .
For wet soil profi le at planting, maximum net returns were attained in early September planting at high SR (> 2 head ha -1 ) despite the climate scenarios, if markets favor dual-purpose wheat. If early planting is not possible, SR should be adjusted down for delayed planting to maximize net returns under wet and average climates; however, high optimal SR should be maintained under dry climate to boost livestock and wheat production via water conservation.
For dry soil profi le at planting, maximum net returns were attained for the 1 September planting at high SR under wet climate, and for the 10 October planting at 0 SR under average climate. Net losses were simulated under dry climate despite planting dates and SR, suggesting fallow should be the best option under severe drought. However, had wheat been planted in dry climate, moderate grazing at 0.5 to 1.5 head ha -1 would minimize losses, indicating the ability of grazing to reduce production risks under drought conditions. Results also showed that light grazing at 0.5 head ha -1 under moderate drought stress, compared with no grazing, could increase grain yield with deferred water use and hence boost net returns.
Seven-day grazing beyond FHS, compared with termination at FHS, reduced net returns in most circumstances, because increased LWG beyond FHS could not off set decreased grain yield. However, losses were reduced or sometimes reversed at higher SR due to good LWG per hectare. In general, grazing should not be allowed to pass FHS, unless markets dictate otherwise.
